Chilli powder samples were irradiated by a 60 Co gamma source at absorbed doses of 2, 4, 6 and 8 kGy. This study calculates the activation energy value (E) from the thermoluminescence (TL) glow curves using the initial rise method (IR). For non-irradiated samples, the E value is 0.58 eV, whereas the irradiated samples have a higher value of 0.84 eV. This difference allows us to distinguish between irradiated and non-irradiated chilli powder and to assess the dose of gamma-irradiated samples.
Introduction
Currently, over 55 countries in the world have accepted the use of irradiation on food, spices and fruits [1] . The irradiation of food at a suitable dose helps to prolong the lifespan of food, slow down the sprouting of fruits, kill disease-causing insects and parasites, extend the ripening time of fruits, avoid mould, and prevent rotting; therefore, these irradiated food and fruits can be edible over a longer period of time. However, food suffering from an overdose of irradiation exhibits reduced nutrient content and an unpleasant odour. Therefore, a reliable method to check the authenticity of irradiated products is critically necessary.
It is well-known that thermoluninescent (TL) materials usually exhibit a very complex TL glow curve structure with non-well-defined peaks, and thus, they cannot be analysed using commonly accepted physical models to explain the trap structure [2] [3] [4] . A variety of methods are used to explain the TL process and to evaluate the kinetic parameters from TL glow curves. These analysis methods include glow curve deconvolution (GCD), computerized glow curve deconvolution (CGCD), peak shape (PS), initial rise (IR), whole glow peak (WGP), isothermal decay (ID), and three-points (TP) [2, [5] [6] [7] . This paper reports on the estimation of the E values calculated from the TL glow curves of polymineral phases isolated from chilli powder samples obtained in Vietnam by using the IR method to determine the activation energy (E) value for detecting irradiated food. However, to distinguish irradiated and non-irradiated samples, the method of E estimation to detect irradiated food was used instead of the TL glow ratios [8] .
Experimental methods
The chilli powder was collected from a supermarket in Vietnam, where the irradiation processing for food preservation has not yet been implemented, and subdivided into approximately 20 g samples contained in nylon bags. Before irradiation and analysis, the samples were stored in the dark at room temperature. TL analysis was also conducted on a non-irradiated sample to verify the reliability of the method under investigation. The procedure recommended by the European Committee for Standardization [9] was followed to separate minerals from the chilli powder samples. The chilli powder samples as a whole, as well as minerals transferred on discs, were irradiated under electronic equilibrium conditions using a Cobalt-60 gamma-irradiator (Gamma chamber GC-5000, BRIT, India) at the Nuclear Research Institute (NRI) in Vietnam. The dose values were calculated based on the irradiation time and the dose rate (3.6 kGy/h). A Rexon-reader machine UL-320 (equipped with PC and Windows applications software) was used to record and analyse the TL curves; the following instrumental settings were chosen: initial temperature of 70 • C, heating speed of 5 • C/s, and final temperature in the range of 100-250 • C. After performing both mineral isolation and irradiation, the specimens were stored at 50 • C overnight before the TL measurements. Garlick and Gibson proposed a simple method to evaluate E in a TL material called the initial rise method (IR) [10] . This method is based on the premise that the occupancies of the relevant states remain almost constant for the lowest temperature side of the TL peak, and consequently, this side of the peak will follow an exponential dependence on temperature, regardless of the kinetic order and the applicability of the quasi-equilibrium approximation, where I TL ∝ exp(−E/kT). An Arrhenius plot (ln I TL vs. 1/T) allows us to evaluate the value of E, which can be obtained from the slope −E/k, regardless of any other kinetic parameters [8] . Fig. 1 shows an example of an IR region of a glow peak. The low-temperature peak tail in this region increases up to a critical temperature T C , which is less than T M . The values of E from the IR remain true for some critical values of temperature up to T C . T C should correspond to an intensity between 10 and 15% of I M [11] . The initial occupancies of traps and recombination centres are assumed to be constant only for a limited temperature range under T C .
Results and discussion
The effect of the absorbed doses on the TL values in chilli powder obtained at different temperatures is presented in Fig. 2 . The TL value at each temperature is found to increase with increasing absorbed dose in the product. The maximum TL values for each dose were observed at 200 • C. As observed, the main differences between irradiated and non-irradiated samples are based on (i) the intensity and (ii) the shape of the glow emission [8] . The obtained ratio among the TL intensities of the samples allows us to discriminate irradiated from non-irradiated samples, even after longer periods of time (up to 1 month), which is one order of magnitude less than the maximum recommended by the committee of experts from the FAO/WHO/IAEA [12] for conservation of herbs, spices, or seasonings.
The E values obtained using the IR method for chilli powder are given in Table 1 . The E values for different doses (0 and 8 kGy) at the same times of storage (360 h) are found to be significantly different (Fig. 3) . The IR method makes use of the existence, in the glow-curve, of a temperature range (Table 1) , where while the integral exponential factor remains practically unitary, the Boltzmann probability factor increases with T and therefore rules the curve shape [13] . The effect of the storage is appreciated in Fig. 4 , where, as expected, the intensity of the 8 kGy irradiated aliquots decreases with the elapsed time because of the fading effect that also contributes to modify the shape of the curve (Fig. 5) . The 8 kGy TL curves for samples stored for 360 h start to grow at temperatures lower than 122 • C, whereas the starting point of the glow emission from samples stored at 720 h increases at 128 • C. For the E values for 8 kGy-irradiated samples stored from 360 h to 720 h, as observed in Table 1 , this kinetic parameter gradually increases from 0.84 to 0.85 eV with time. For non-irradiated samples stored for 360 h and 720 h, the estimated E values from the TL curves are shown in Fig. 6 . Therefore, the estimation of the E values using the IR method can be used to determine the length of time between irradiation processing and the TL analysis, as shown in Table 1 and Fig. 7 .
The calculation of the value of E using the IR method can be considered as a reasonably good estimation, although they can vary according to the preheating temperature [8] . Compared to the detection of food irradiation based on the normal glow ratios in [9, 14, 15] , to ensure the IR method has fewer errors, the correlation coefficient (r 2 ) must be at least 0.999 to identify the irradiated foods. 
Conclusions
The E values of irradiated and non-irradiated samples are very different. (The E value of the non-irradiated sample is 0.58 eV, and the value of a gamma-irradiated sample is greater than 0.84 eV.) With the gradualincrease in the dose of irradiation, the E value of the sample does not increase, but rather decreases slightly. In addition, the sample that spends a shorter period of time in storage has a smaller E value than the sample stored for a longer period of time. The results showed that the IR method can be used to determine irradiation of food. The determination is not based on food TL intensity, which is based on the E values. The samples do not require re-irradiation, as they are still affected by the irradiation. Compared with other methods, the IR method requires enough experimental data to achieve positive results. Therefore, this method can be applied in practice for determining the irradiation dose of the chilli powder in Vietnam. We can also study and application of the IR method for agricultural products and other foodstuffs.
